The densification process and canal sealing ability of octacalcium phosphate (OCP)-mediated cement were investigated for developing biocompatible and biodegradable root canal filling material for deciduous root. The results of the characterization revealed that the starting paste, which consisted of monocalcium phosphate monohydrate, calcium carbonate, and α-tricalcium phosphate, gradually transformed into carbonate apatite for 6 weeks of immersion in medium with 30% fetal bovine serum (MEM30). The canal sealing ability was estimated by dye penetration test. Three kinds of conditions were chosen for the test: one was the cement just after filling the single-rooted extracted human roots; the others were the cement aged in MEM30 for 1 and 6 weeks after filling, respectively. All roots were then immersed in India ink for 3 days. The penetration depth of OCP-mediated cement decreased significantly with time. This demonstrates that OCP-mediated cement has self-sealing ability.
INTRODUCTION
A root canal infection is caused by several things, including decay, injury, and gum disease. The goal of root canal treatment is to remove the damaged pulp and the bacteria that are causing the infection. The empty root canal system is then cleaned and filled with root canal filling material. The purpose of filling a root canal is to seal the root canal system to prevent microorganisms from entering and reinfecting the root canal system and to prevent the tissue fluids from percolating into the root canal system and providing a breeding ground for any residual bacteria. The required conditions of root canal filling material are biocompatibility, sealing ability, and stability in the body. In addition to the above conditions, root canal filling material for a deciduous root is expected to have optimum biodegradability because it should be absorbed simultaneously with the deciduous root. Unfortunately, these requirements are not yet completely fulfilled by the commercial products presently on the market. Some of these materials are not stable in the body and dissolve out much sooner than the deciduous root 1) , while some remain in the periapical tissue after resorption of the deciduous root because of a much slower resorption rate than that of the root 2) . Furthermore, there are a number of problems with almost all of these materials such as tissue irritation [3] [4] . These problems may arise because the present filling materials consist of material that has a completely different composition than that of human dentin.
Since the reports by Brown and Chow 5) , calcium phosphate cements (CPC) have attracted much interest as dental materials because calcium phosphates are the principal constituents of tooth mineral matrix [6] [7] . They can be transformed into apatite crystals in body fluids with excellent biocompatibility and osteoconductivity [8] [9] . CPC was also reported to be a useful material for endodontic therapy [10] [11] . However, some kinds of CPC are unsuitable for filling root canals because of the formation of pores as the cement hardens 12) . Since one of the most important properties for root canal filling material is sealing ability, cements with sufficient densification without obvious pores are required. Recently, some researchers have claimed that octacalcium phosphate (OCP) is a precursor of biological apatite in bone and tooth [13] [14] [15] . Bodier-Houlle et al. 16) reported the presence of OCP in the dentin of aborted human fetuses. Furthermore, many reports have proved that synthetic OCP can be converted into bone-like apatite while showing biodegradability [17] [18] [19] . We have developed a new OCP-mediated cement setting system consisting of monocalcium phosphate monohydrate (MCPM), calcium carbonate (CC), and αtricalcium phosphate (α-TCP) with isotonic sodium hydrogen phosphate buffer (pH=7.4). This is a same in composition with some kind of bone substitute cement 20) . In a previous study, we demonstrated that the highest mechanical property of the final hardened setting was achieved with a starting powder mixture with a molar ratio of 3:5:9 21) . This OCP-mediated cement allowed suitable healing processes to occur in the dental pulp 22) . One of the notable features of the OCP-mediated cement is that it goes through an OCP phase during the process of transformation into hydroxyapatite, similar to the mineralization of human dentin. The final phase of the cement has the potential of being as dense as dental hard tissue. In the present study, we sought to apply our OCP-mediated cement as a root canal filling material for deciduous root.
This paper reports our investigation of the densification process of OCP-mediated cement and evaluation of the temporal change of the apical sealing ability of OCP-mediated cement along with transformation into apatite.
MATERIALS AND METHODS

Preparation of OCP-mediated cement
Synthesized monocalcium phosphate monohydrate (MCPM), calcium carbonate (CC) (WAKO, Osaka, Japan), and α-tricalcium phosphate (α-TCP) (WAKO, Osaka, Japan) were mixed with a molar mixing ratio of 3:5:9, and used as the starting powder. MCPM was synthesized from calcium carbonate (Junsei Kagaku, Tokyo, Japan) and phosphoric acid (WAKO, Osaka, Japan). The average particle diameter of the starting powder was 10.51 µm. The OCP-mediated cement was prepared by mixing the starting powder with sodiumhydrogen phosphate buffer, adjusting the pH to 7.4.
Characterization
Immediately after mixing the OCP-mediated cement, the mixtures were shaped into 10-mm diameter disks. The disks were incubated for 2 hours at a temperature of 37°C and immersed in a medium with 30% fetal bovine serum (MEM30) for 1 day, 1 week, and 6 weeks. These intervals were selected since no significant change was evident between 1 day and 2 days of immersion in a preliminary experiment. To evaluate the phase transitions during the cement hardening process, the crystal phase of the disks with different aging times were identified by powder X-ray diffractometry (XRD, Philips PW-1710 diffractometer, Tokyo, Japan) using copper Kα radiation and by Fourier transform infrared spectroscopy (FT-IR, Jasco FT/IR-500 spectrometer, Tokyo, Japan) using the KBr method. The surface morphology of the disks was also analyzed by scanning electron microscopy (SEM, Hitachi S-3400NX microscope, Tokyo, Japan) to estimate densification.
Root canal sealing ability (1) Preparation of teeth with empty root canal
A total of 90 extracted human single-rooted teeth were used in this study. The crowns were removed at the cement-enamel junction with a diamond disc under water coolant. Following pulp extirpation, the root canals were instrumented at the apex with a master apical file up to ISO size 60. The surfaces of the teeth were completely coated with double-layered nail polish except around the root-end area to prevent fluid penetration from areas other than the apical foramen.
(2) Characterization of the cement filled in root canal Six of the 90 teeth were used for SEM characterization of the cement filled in the root canals. The canals were filled with OCP-mediated cement using a lentulo spiral immediately after mixing. After removal of the coronal 2 mm of the filling material, the access cavities were closed with glass ionomer cement. Two teeth each were immersed in MEM30 at 37°C for 1 day, 1 week, and 6 weeks. At the end of each period, the teeth were cut longitudinally by use of a diamond disk under water coolant, wash under tap water and air dried. Both cross-sectional halves of each root were mounted on aluminum stubs, vacuum-dried, coated with 25 nm of gold, and then examined under SEM.
(3) Dye penetration test
The apical root canal sealing ability of OCP-mediated cement was evaluated by measuring linear dye penetration through the apical foramen into the root canals with the filling materials. A commercially available root canal filling material for primary teeth (Vitapex, NEO dental chemical products, Tokyo, Japan) was used as a control. Vitapex is composed of calcium hydroxide, iodoform, and silicon oil. Six teeth were used as positive and negative controls. Two canals were not filled with any material and served as a negative control group. Two of each canal were filled in the same manner as with the OCP-mediated cement or Vitapex and then completely covered with nail polish to serve as positive controls. A total of 78 teeth were randomly divided into 3 groups. Thirteen roots in each group were filled with OCP-mediated cement and 13 roots were filled with Vitapex in the same way as for the characterization of OCP-mediated cement filled in the root canals. The teeth in Group 1 were immersed in India ink for 3 days. In Groups 2 and 3, the teeth were aged in MEM30 at 37°C for 1 and 6 weeks before 3-day immersion in India ink. After immersion in the ink, all teeth were grooved longitudinally and split in two. The maximum depth of linear dye penetration through the apical foramen into the filled root canal was measured using a stereomicroscope.
The results are presented as mean±standard error of the mean. The differences in the analysis parameters between the samples and the references were evaluated by two-way analysis of variance (ANOVA) tests with repetition of the factorial design. The Tukey-Kramer test was used for comparison of the means. The level of statistical significance was established at α=0.05.
RESULTS
Characterization
Changes in the XRD patterns of the cement with immersion time in MEM30 are shown in Fig. 1 . Peaks corresponding to α-TCP and CaHPO4.2H2O (Dicalcium phosphate dihydrate, DCPD) were detected in the cement pattern 1 day after mixing. After 1 week, however, the peaks decreased and broadened. The presence of a peak at 2θ=4.8° in the XRD patterns verified the formation of OCP. In addition, a small amount of Hydroxyapatite (HAp) was found in the cement after 1 week after which the conversion of OCP into HAp progressed. The OCP reflection decreased concurrently with the appearance of the apatite reflection. The entire reaction was completed in 6 weeks. HAp was the final phase in the products.
SEM photographs of the cement are shown in Figs. 2 and 3. Fig. 2 shows the fractured surfaces while Fig.  3 shows the cross sections cut out by using a diamond disk. Growing crystals could be seen on the fractured surfaces. In the photographs of the cement after immersion for 1 day (Figs. 2(a) and 3(a) ), the cement seems to consist mostly of spherical aggregates with large numbers of obvious pores were observed in the fractured surfaces. However, the spherical aggregates disappeared after immersion for 1 week. The fractured surfaces were completely covered with plate-like crystals (Fig. 2(b) ). The generation of such crystals caused significant densification of the cement as judged by the smoother cross-sectional surfaces shown in Fig.  3(b) . After 6 weeks, the crystals grew into large petallike crystals (Fig. 2(c) ). Fig. 3(c) indicates that the pores and the boundaries between the particles completely disappeared after immersion for 6 weeks. Fig. 4 shows the FT-IR spectrum of the cement 6 weeks after immersion. The spectra have the characteristic absorption peaks of HAp with partial CO3 2substitution of PO4 3sites. The three peaks at 603, 570, and 1,000 cm −1 represent the ν4 O-P-O bending mode in the PO4 3− ions in the HAp, the bands at 875, 1,411, and 1,456 cm −1 in the C=O stretching mode in the CO3 2ions in the HAp, and the peak at 1,630 cm -1 in the O-H stretching mode in the OHions in HAp, respectively. The broad band around 3,500 cm −1 represents the absorbed water in the cement.
Root canal sealing ability
(1) Characterization of the cement filling the root canal SEM photographs shown in Fig. 5 are the boundary between the cement and the dentin of the middle part of the root. The cross-sectional surface of the cement changed from rough to smooth over time, as was the case of the cement without a tooth wall (see Fig. 3 ). The indistinct boundary between the cement and the dentin was observed for up to 6 weeks with the formation of a smooth cement texture similar to that of dentin. While the root canals were being filled with cement, some pores were generated within the cement because of the inclusion of air bubbles. Fig. 6 shows SEM photographs of the pores in the cement in a root canal and aged in MEM30. Small crystals were observed on the pore walls of the cement aged for 1 day (Figs. 6(a) and (b)). After 1 week, the number of crystals increased and filled in the spaces (Fig. 6(c) ). The similar crystals were observed on other pore walls.
(
2) Dye penetration test
The negative control teeth showed complete leakage throughout the entire length of the root canal whereas the positive control teeth showed no dye penetration. Linear dye penetration of the cement and Vitapex were quantitatively measured by using the photographs, as shown in Fig. 7 . The average lengths of the linear dye penetrations of Groups 1-3 were estimated to be 2.52, 0.48, and 0.48 for the cement and 0.12, 0.48, and 0.46 for the Vitapex, respectively. The results for the cement-filled teeth revealed significantly less leakage for Groups 2 and 3 than that for Group 1 (p<0.05). In Groups 2 and 3, the leakage for the OCP-mediated cement groups did not differ significantly from that observed for the Vitapex groups.
DISCUSSION
In this study, we characterized the densification process of OCP-mediated cement and found improved sealing ability along with apatite formation when the cement was used as material for filling root canals. The OCP-mediated cement transformed into carbonated hydroxyapatite (HAp) 6 weeks after being mixed. It showed a characteristic broad XRD peak, and all reflections observed 6 weeks after mixing corresponded well to those found in biological apatite [23] [24] . A FT-IR spectrum implied that OCPmediated cement transforms into carbonated HAp with carbonate ions. This spectrum also corresponded well to that of biological apatite [25] [26] . The formation of carbonated HAp from calcium phosphate cement instead of pure HAp was previously reported 27) . SEM images of the cross-sectional surfaces of roots suggest that the hydration reaction of the OCP-mediated cement progressed well even when filled in a root canal. The results indicated that the structure of OCPmediated cement used as material for filling root canals would change into a structure similar to that of human dentin.
The quality of the coronal seal is of great importance in the success of root canal treatment. Materials for filling root canals must seal any microleakage from the coronal to the apical aspect of the tooth and prevent the leakage of potential irritants from the root canal system into the periapical tissue. Various methods have been employed to assess the sealing ability of materials used for filling root canals [28] [29] [30] . An in vitro dye penetration test is usually used as an easy, quantitative method for assessing the leakage of materials used for endodontic filling [31] [32] . An India ink solution is a potentially suitable tracer because some carbon particles have relatively similar sizes to bacteria, and thus would show similar degrees of penetration 29, 33) . We chose Vitapex as a control agent for the test of sealing ability because its good sealing ability in vitro has been reported 34) . Although Vitapex is one of the most popular deciduous root canal filling materials, it has some drawbacks. It is not stable in the body. Thus, it is dissolved out much earlier than deciduous root and increases the risk of repeated infection.
On the other hand, the silicon in Vitapex has possibilities to remain inside of the body semi permanently. In comparison, OCP-mediated cement has the characteristics of self-setting and has the potential of biodegradability. From these points, OCPmediated cement with sealing ability comparable to Vitapex could be a favorable material for root canal filling for deciduous teeth. Although the leakage of OCP-mediated cement was initially greater than that of Vitapex, its sealing ability improved significantly in the subsequent weeks. There were no significant differences between the OCP-mediated cement groups and the Vitapex groups 1 week and 6 weeks after setting. Induction of apatite formation is a common characteristic of calcium phosphate cement [35] [36] [37] . In this study, we found that the sealing ability of OCPmediated cement is improved along with apatite formation. The present results agree with the findings that the sealing ability of a calcium silicate-based sealer that induces apatite formation is improved as it comes into contact with phosphate ions 38) .
In our study, during the initial 1-day period when the specimens were immersed in MEM30, SEM pictures show that the powders had just dissolved and connected with each other. The leakage of the OCPmediated cement was greater than that of Vitapex during this period because of its porosity. Gradually, the calcium ions released from the cement and the phosphate ions provided by the sodium-hydrogen phosphate buffer generated apatite crystals. In addition, MEM30 that entered the microporous cement via the apical foramen could provide phosphate ions continuously. During the 1-week experimental period, the cement transformed into OCP and carbonated HAp. Cavities in the cement made by the inclusion of air were filled by needle-like crystal clusters, as shown in Fig. 6 , and the cement surfaces changed from a rough to a smooth structure.
The sealing ability during this period improved significantly from that of the initial 1-day period. With more extended periods of immersion, there would be more phosphate ions from the MEM30 available for interaction with the calcium ions released by the OCPmediated cement. At the 6th week of the experimental period, the OCP-mediated cement had transformed into a single calcium-deficient apatite phase. The sealing ability of the OCP-mediated cement was not inferior to that of Vitapex during this period. The results revealed that the OCP-mediated cement could have potential of "self-sealing" ability. In other words, it could gradually fill gaps, pores, or previously unfilled lateral canals with apatite crystal. OCP-mediated cement triggered apatite formation and its prolonged contact with MEM30 led to its continuous transformation. Tight coronal sealing is necessary for successful root canal treatment. However, it is very difficult to seal all spaces in the canals because each root canal is complex and has a unique shape. Unfilled spaces would cause an infection of the periapical tissue and cause endodontic failure [39] [40] . A "self-sealing" root canal filling material could be a new approach to gradually sealing these variable spaces. There is a concern that infection might occur during the period before the optimal sealing capacity is achieved. This issue should be the subject of investigation in future studies in a clinical setting. It could be effective to further investigate the incorporation of an antibacterial agent to help prevent infection or hasten healing.
Within the limits of this study, it may be concluded that the OCP-mediated cement used as a material for filling root canals has transformed into dentin-like carbonated HAp and that the sealing ability of OCPmediated cement improved along with the formation of the apatite. Thus, we have demonstrated the selfsealing ability of OCP-mediated cement in vitro. OCPmediated cement could be useful as a root canal filling material for deciduous root.
